Cellular senescence is a state of stable cell cycle arrest with active metabolism. Similar to apoptosis, senescence can be a failsafe program against a variety of cellular insults. In contrast to apoptosis, however, in which the cytotoxic signals converge to a common mechanism, senescence is typically a delayed stress response involving multiple effector mechanisms. These effector mechanisms include epigenetic regulation (Narita et al. 2006; Adams 2007) , the DNA damage response (Bartkova et al. 2006; Di Micco et al. 2006; Mallette et al. 2007) , and the senescence-associated secretion phenotype (Kortlever et al. 2006; Acosta et al. 2008; Coppé et al. 2008; Kuilman et al. 2008; Wajapeyee et al. 2008 ). The relative contribution of these effectors varies depending on the trigger and cell type.
Oncogene-induced senescence (OIS) illustrates well the tumor-suppressive role of senescence (Collado and Serrano 2006) . The initial phenotype of oncogene induction is a highly proliferative state, which mimics transformation. However, this mitotic burst is gradually replaced by senescence. Although it has been proposed that global and progressive epigenetic alterations play a crucial role in OIS (Narita et al. 2006 ), the precise mechanism by which cells can achieve such a dramatic change is still unclear.
Autophagy is a genetically regulated program responsible for the turnover of cellular proteins and damaged or superfluous organelles. This evolutionarily conserved process is characterized by the formation of doublemembrane cytosolic vesicles, autophagosomes, which sequester cytoplasmic content and deliver it to lysosomes (Ohsumi 2001; Klionsky et al. 2007; Mizushima et al. 2008) . Autophagy is often associated with acute metabolic changes and rapid protein replacement. For example, autophagy is required for preimplantation development, where maternal proteins are recycled by autophagy (Tsukamoto et al. 2008) . Autophagy is also required for survival in the early neonatal starvation period (Kuma et al. 2004; Komatsu et al. 2005) . In addition to these physiological conditions, cytotoxic stimuli can also activate autophagy, but its precise role as a stress response is unclear. Here we identify autophagy as a new effector mechanism of senescence, important for the rapid protein remodelling required to make the efficient transition from a proliferative to a senescent state.
Results and Discussion
To determine whether autophagy is involved in senescence, we first measured the activity of autophagy during OIS in IMR90 human diploid fibroblasts (HDFs). MAP1LC3 (LC3) is a widely used marker of autophagy. The lipidconjugated form of LC3 (LC3-II) localizes to the membranes of autophagosomes. It can be separated from the nonconjugated form (LC3-I) by immunoblotting. Senescence was induced by retroviral-mediated expression of oncogenic ras (H-rasV12) as described previously (Narita et al. 2006) . Immunoblot analysis showed that LC3-II was up-regulated in Ras senescent cells compared with the control cells (Fig. 1A) , indicating the accumulation of autophagosomes in Ras senescent cells. There was no increase of LC3-II in quiescent cells, indicating that the accumulation of autophagosomes is associated with senescence rather than cell cycle arrest (Fig. 1A) . Similar results were obtained in other HDFs, including BJ cells and embryonic skin fibroblasts (Supplemental Fig. S1 ). Since LC3-II is itself subject to autophagic protein degradation due to its localization to autophagosomes, LC3-II also accumulates when the process of autophagosomelysosome fusion or downstream protein degradation is impaired (Klionsky et al. 2007 ). To exclude this possibility, we also assessed the accumulation of LC3-II in the presence of Bafilomycin A1, a specific inhibitor of the vacuolar type H(+)-ATPase, which inhibits lysosome acidification. As expected, rapid accumulation of LC3-II, but not LC3-I, was induced in growing and quiescent cells (Fig. 1A) . In the same conditions, Ras senescent cells also exhibited further accumulation of LC3-II, but to a much higher level than that of the treated control cells. The same results were obtained using lysosomal protease inhibitors (data not shown). These data suggest that the autophagic flux is intact in these cells. To further confirm the activation of autophagy during OIS, we performed protein degradation assays. Senescence, induced either by Ras or its downstream effector MEK, showed a significant increase in the degradation of long-lived proteins, while quiescent conditions did not show any difference from growing cells (Fig. 1B) . The adenoviral oncoprotein E1A, which blocks the senescence machinery, cancelled the increase in protein degradation and LC3-II accumulation caused by Ras, underscoring the specific association between OIS and autophagy ( Fig. 1B ; data not shown).
We also monitored LC3's subcellular localization pattern during senescence using EGFP-LC3-expressing cells. Growing cells exhibited a diffuse localization of EGFP-LC3, with occasional puncta in the cytoplasm indicating the basal activity of autophagy (Fig. 1C) . In marked contrast, we found prominent EGFP-LC3 puncta in Ras senescent cells (Fig. 1C) . The lysosomal compartment, probed using LysoTracker (a dye detecting low pH) was more prominent in OIS cells, indicating that the lysosomal arm of autophagy is also activated during OIS (data not shown). Smaller lysosomes, <1 mm, preferentially colocalized with the EGFP-LC3 puncta, indicating the formation of autolysosomes (Fig. 1D ). These changes were confirmed by electron microscopy, which revealed that Ras-expressing cells exhibited the different stages of autophagic vacuole formation (Fig. 1E) . Altogether, we concluded that OIS is accompanied by elevated autophagy activity.
To determine the kinetics of autophagy regulation in OIS, we stably expressed a 4-hydroxytamoxifen (4-OHT)-inducible ER:Ras fusion protein in IMR90 cells. This protein is comprised of a mutant form of the estrogen receptor ligand-binding domain and H-RasV12. Typically, the initial ''mitotic phase'' in this system occurs around day 1 and the ''senescence phase'' after around days 5-6, with the ''transition phase'' in between ( Fig. 2A ). LC3-II was up-regulated, peaking during the transition phase. LC3-II levels gradually decreased in the later time points, likely due to continuously active autophagy ( Fig. 2A) .
A key regulator of protein metabolism, the mammalian target of rapamycin (mTOR), is a serine/threonine protein kinase, which negatively regulates autophagy ). mTOR forms two distinct signaling complexes, mTOR complex 1 (mTORC1) and mTORC2 (Sabatini 2006) . mTORC1 is a downstream effector of the Ras/ PI3K pathway. Thus, Ras signaling should suppress autophagy. However, a recent study identified a negative feedback loop in the PI3K pathway that is critical for OIS (Courtois-Cox et al. 2006 ). To examine the activity of mTORC1 during Ras senescence, we assessed the phosphorylation status of p70 S6 Kinase (S6K), an mTORC1 substrate, in ER:Ras-IMR90 cells. In this experiment, to achieve maximum homogeneity in the cell population, we first synchronized the cells in G0 using low serum conditions and then added 4-OHT together with serum. As expected, the phosphorylated (p-) form of S6K was initially up-regulated in response to the mitotic signal, while it decreased during the transition phase (Fig. 2B) . The timing of the down-regulation of mTORC1 activity correlated with the activation of autophagy and cell cycle exit assessed by cyclin A (Fig. 2B) . The level of p-AKT on Thr308, an upstream regulator of mTORC1, showed a similar pattern to p-S6K (Fig. 2B) . These data suggest that the delayed inactivation of the mTORC1 pathway is a mechanism for autophagy induction during OIS.
mTORC2 is an AKT S473 kinase, and AKT thus activated then phosphorylates FoxO3a and inhibits its transcriptional activity. Recent studies identified FoxO3a as a transcription factor responsible for a subset of autophagyrelated (ATG) genes as well as other autophagy regulators (Mammucari et al. 2007; Zhao et al. 2007 ). We assessed mTORC2 kinase activity and found a transient increase in p-AKT (S473) and its target p-FoxO3a (S253). The kinetics of mTORC2 activity paralleled that of mTORC1, indicating that a negative feedback loop also exists in the mTORC2 pathway during Ras senescence (Fig. 2B) .
We next tested whether autophagy activation and the concomitant negative feedback in the mTOR pathways occur during DNA damage-triggered senescence. Interestingly, etoposide or g-irradiation treatment induced the transient activation of mTORC1 and TORC2 in the acute phase, even though these cells did not undergo the transient mitotic burst (Fig. 2C ; data not shown). Subsequent down-regulation of the activity of mTORC1 and 2 coincided with LC3-II formation, cell cycle arrest, and senescence-associated HMGA2 up-regulation (Fig. 2C) . The striking similarity in the kinetics of the mTORCs and autophagy activities during Ras-and DNA damage senescence suggests a mechanistic link between mTOR signaling and autophagy induction during senescence, although the possibility that an mTOR-independent mechanism could also induce autophagy is not excluded.
To further examine the involvement of the mTORC2-FoxO3a axis, we assessed the dynamic transcriptional profile of genes involved in autophagy and senescence in microarray experiments. A subset of ATG genes and other autophagy regulators were initially diminished during the mitotic phase, where FoxO3a was highly phosphorylated (Figs. 2B, 3A) . As the level of phosphorylation of FoxO3a dropped (Fig. 2B ), the suppression of these genes was removed and hence they were up-regulated during the transition to the senescence phase. This indicates a dynamic correlation between FoxO3a activity and the expression of these genes (Fig. 3A) , which include direct targets of FoxO3a: LC3B (a human homolog of Atg8), Bnip3, and Bnip3L (although Bnip3 and Bnip3L also have other functions) (Mammucari et al. 2007; Zhao et al. 2007) . Notably, LC3B mRNA showed a steady up-regulation after the mitotic phase ( Fig. 3A; Supplemental Fig. S2 ). Together with the pattern of LC3-II levels, which rather decreased at the later time points (Fig. 2A) , these data further suggest highly active autophagy during OIS. Consistently, using ONCOMINE (http://www.oncomine. org), a Web-based data-mining platform, we found that some autophagy regulators, including LC3 and Bnip3L, were up-regulated in human nevi and prostatic intraepithelial neoplasia, models of in vivo OIS (Supplemental Fig. S3 ; Chen et al. 2005; Michaloglou et al. 2005; Majumder et al. 2008) .
Consistent with the prominent lysosomal compartments in Ras senescent cells, many lysosomal genes showed a similar expression pattern to the up-regulated ATG genes (Fig. 3A) . One such gene was GLB1, whose product is believed to be responsible for senescenceassociated b-galactosidase (SA-b-gal) activity (Lee et al. 2006) . These data suggest a coordinated regulation of a subset of ATG and lysosomal genes during OIS.
Senescence-associated secreted factors, such as IL6, IL8, IGFBP7, and MMP3, also showed similar expression kinetics, while other senescence-associated genes showed a rather steady increase over the time course (Fig. 3A) . These secreted factors were highly abundant, and their concomitant expression with genes involved in autophagy is further indicative of rapid protein turnover during OIS.
Quantitative PCR (qPCR) confirmed a distinct ATG gene expression pattern in Ras-, MEK-, and etoposideinduced senescent cells, but not in quiescent cells ( Fig.  3B; Supplemental Fig. S4 ). The ATG gene expression profile of the senescent cells was unique, since amino acid starvation, which mimics a physiological trigger of autophagy, did not induce a similar expression pattern of ATG genes (Fig. 3B) . ATG1, a serine/threonine protein kinase, is an upstream regulator of autophagy under mTORC1 regulation, and overexpression of the Drosophila homolog of Atg1 is sufficient to induce autophagy in fed animals (Scott et al. 2007 ). There are potentially five human homologs of Atg1, among which UNC-51-like kinase (ULK) 1 and ULK3 are consistently up-regulated in senescent cells, and ULK3 in particular was commonly up-regulated in all senescent cells tested (Fig. 3A,B;  Supplemental Fig. S4 ). Thus, we assessed the impact of ULK3 overexpression on autophagy and senescence. Since ULK3 has not been implicated in autophagy as yet, we first tested whether ULK3 localizes to the elongating isolation membrane (the precursor of the autophagosome), to which the ATG12-5 conjugate localizes. Similar to results previously shown for ULK1/2 (Hara et al. 2008 ), ULK3 showed a punctate pattern upon autophagy activation by amino acid and serum depletion (Supplemental Fig. S5) . Some of the ULK3 puncta colocalized to endogenous ATG12, indicating that ULK3 is involved in autophagy. Next, we found that stable overexpression of ULK3 was sufficient to induce autophagy as well as premature senescence, suggesting a causative role for active autophagy in senescence (Fig. 3C) . Altogether, our data suggest that the mTORC1-ATG1 and mTORC2-FoxO3a pathways are coordinately involved in the induction of autophagy during senescence.
To assess the requirement for autophagy in senescence, we generated shRNAs targeting ATG5 and ATG7, essential genes for autophagy (Kuma et al. 2004; Komatsu et al. 2005 ). Knockdown of ATG5 or ATG7 attenuated the activation of autophagy by Ras (see Fig. 4D ). ATG gene knockdown caused SA-b-gal activity to be delayed ( Fig.  4A; Supplemental Fig. S6A ). SA-b-gal activity is the most widely used marker of senescence, although its functional relevance in senescence is unclear. Our data suggest that SA-b-gal activity, and perhaps GLB1 up-regulation (Fig. 3A) , might reflect the activity of autophagy, at least in part. Next, we assessed the functional requirement for autophagy in senescence. Although IMR90 cells expressing sh-ATG5 or sh-ATG7 showed only a modest impact on BrdU incorporation and chromatin phenotype during the transition phase of Ras senescence ( Fig. 4B ; Supplemental Fig. S6B ), colony formation analysis in ER:Rasexpressing BJ cells, in which bypass is easier than in IMR90 cells, showed a substantial increase in senescence bypass by depletion of ATG5 or ATG7, to levels higher than those seen with Rb depletion (Fig. 4C) . Our preliminary data showed that knockdown of ATG5/7 in established ras senescent BJ cells failed to reverse the senescence arrest (data not shown). These data suggest that autophagy contributes to, at least, the establishment of senescence arrest.
The dramatic phenotypic change during the transition phase is accompanied by increased secretion of several key cytokines that play a prominent role in OIS, including IL6 and IL8 (Acosta et al. 2008; Kuilman et al. 2008) . We reasoned that rapid protein turnover, which involves autophagy coupled with active protein synthesis, might facilitate this process through protein remodeling. Indeed, senescent cells are typically enlarged, and we confirmed that the protein quantity per cell was higher in Ras senescent cells (Supplemental Fig. S7A ). In addition, we observed an increased amino acid uptake in Ras senescent cells (Supplemental Fig. S7B ), indicating that protein synthesis is also active during senescence. Strikingly, ATG5 or ATG7 depletion delayed IL6 and IL8 production (Fig. 4D ). This effect was not observed by knockdown of Rb, suggesting that the inhibition of IL6/8 production is not a consequence of delayed senescence. The mRNA levels of IL6/8 were often even higher in sh-ATG5/7-expressing cells, indicating that the repression of IL6/8 is post-transcriptional (Fig. 4E) . Of note, IL6/8 were further up-regulated both in protein and mRNA levels by sh-Rb, which did not perturb autophagy activity (Fig.  4D,E) . These results highlight the functional relevance of autophagy in senescence establishment.
To test the relevance of autophagy during OIS in vivo, we assessed chemically induced murine papillomas, which commonly harbor a constitutively active mutation of H-ras, for Ki67, LC3, and a senescence marker Dec1 (Collado and Serrano 2006; Acosta et al. 2008) . Consistent with previous reports, these papillomas contained proliferating (Ki67-positive) cells in the layer closest to the tumor stroma (Fig. 5A) . The suprabasal cells, which were Ki67-negative and well separated from the proliferative area, were largely positive for Dec1, showing a predominant nuclear pattern with some cytoplasmic staining ( Fig.  5A ; Giatromanolaki et al. 2003) . Accumulation of LC3 puncta was observed in the Dec1-positive regions of the papillomas and was often most pronounced in the transition areas from proliferative to nonproliferative regions (Fig. 5A) . These data support our in vitro evidence pointing to the critical role of autophagy in the mitotic/ transition phase of senescence establishment.
Here we show that autophagy is activated upon the acute induction of senescence and contributes to the establishment of senescence. Autophagy has been implicated in tumorigenesis, but its precise role is ambiguous. Autophagy contributes to tumor survival under low nutrient conditions or during chemotherapy (Degenhardt Amaravadi et al. 2007 ). On the other hand, the tumor-suppressive role of autophagy has been shown in mouse models, where Beclin-1 (Atg6 homolog) heterozygous and Atg4C-deficient mice are tumor prone (Qu et al. 2003; Yue et al. 2003; Karantza-Wadsworth et al. 2007; Marino et al. 2007) . It is conceivable that autophagy has different roles in the different stages, or contexts, of tumorigenesis. Our data focusing on senescence establishment, an early window during tumor development, provides new insight into the complex roles of autophagy in tumorigenesis.
Evidence for the functionality of senescent cells is emerging. For instance, many functional molecules are produced upon the induction of senescence, and these factors often reinforce the senescence phenotype, while potentially also affecting neighboring cells and the microenvironment in vivo. The requirement of autophagy for the efficient production of these factors indicates that autophagy can modulate the functional activity of senescent cells. Thus, our data suggest that autophagy not only facilitates the process but also controls the quality of the phenotype. The molecular mechanism behind this and how autophagy and protein synthesis are both activated is still unclear, but it is tempting to speculate that autophagy promotes rapid protein turnover and facilitates the translation of proteins highly necessary for OIS establishment (Fig. 5B) . Thus, autophagy might be a complementary system to epigenetic regulation to achieve the specific biochemical alterations observed during the acute induction of senescence.
Materials and methods

Vectors and cell culture
Vector details are in the Supplemental Material. shRNA target sequences are in Supplemental Table S1 . IMR90 and BJ cells (ATCC) were cultured in DMEM supplemented with 10% FBS. Cells were maintained in physiological 5% O 2 , except for protein degradation assays, microarray experiments, and population doubling analysis.
Protein degradation assays
Protein degradation assays were performed as described (Young et al. 2006 ).
Cell proliferation, SA-b-Gal assays and electron microscopy (EM)
BrdU incorporation, SA-b-Gal, population doubling, and colony formation were assessed as described (Narita et al. 2006) . EM was performed as reported (Shimizu et al. 2004 ).
Gene expression
Immunoblotting analysis was carried out as described (Narita et al. 2006) . Antibody details are in the Supplemental Material. qPCR was performed as described (Narita et al. 2006) . Primer sets are in Supplemental Table S2 . For microarray experiments, cRNA was hybridized to Human-6 v2 Expression BeadChips (Illumina) as per the manufacturer's instructions. Three biological replicates were performed for each experimental condition. The bead-level data were preprocessed and analyzed using the R beadarray package (Dunning et al. 2007 ).
Immunohistochemistry (IHC)
Papillomas were generated and analyzed as described (Owens and Watt 2001) . IHC was performed using standard methods. Antigen unmasking was performed by heat-mediated retrieval using either pH6 citrate buffer (Dec1 and Ki67) or pH9 Tris-EDTA buffer (LC3). 
